Introduction
The intestinal brush-border Na'-glucose cotransporter (SG1,Tl) functions in the uptake of dietary I )-glucose and i)-galactose across the microvillus membrane. Impaired absorption of these sugars occurs in glucose-galactose malabsorption, an autosoma1 recessive disease caused by a defect in SGI,Tl [ 11. Studies on the kinetics of glucose transport across the intestinal brush border using intact tissue, isolated cells and brush-border membrane vesicles have established that there is one major transporter that handles all hexoses with an equatorial hydroxyl group on C-2. These include the natural dietary sugars i)-glucose and i)-galactose and the non-metabolized sugars 3-0-methyl a-1)-glucopyranoside and methyl a-1)-glucopyranoside It has been shown that SGLT1 is a glycosylated integral brush-border membrane protein with an apparent molecular mass of -7.5 kDa. cDNAs encoding rabbit, human, rat and lamb SGLT1 have been cloned and sequenced. The amino acid sequences have been deduced and exhibit significant sequence similarity [ 4,q. Antibodies have been raised to peptides which correspond to extramembranous regions of the rabbit SGLT1 sequence [6, 7] . These antibodies have been used to probe brush-border membrane vesicles isolated from intestinal tissues from a large number of species. mKNAs isolated from these tissues have been probed with rabbit intestinal SGL7'1 cDNA [H,9] . The combined results indicate that the S<;I,Tl DNA and protein sequence are highly conserved throughout evolution.
The activity and abundance of SGI.Tl have been shown to be regulated by dietary carbohydrates in non-ruminant [ 10,111 and ruminant animals [ 6, 121 . Limited information on the molecular mechanisms, site and signals involved in this regulation is available.
The intestinal tract of ruminant animals, such as sheep, provides an excellent model system for studying the dietary regulation of sugar absorption [ 2.31. §To whom correspondence should be addressed.
[ 6,12-1 51. In pre-ruminant lambs, 1 )-glucose and I )-galactose, derived from milk sugar, lactose, are absorbed by SGLT1 [ 12, 16, 17] . Lambs normally wean at 3-8 weeks, and as the diet changes from milk to grass the rumen develops; the dietary carbohydrates are fermented to volatile fatty acids in the rumen, and no hexoses reach the small intestine [ 181. We have shown that there is a consequent loss of SGLT1 function and SGLT1 protein from the apical plasma membrane of the enterocyte and a decline in the levels of SGI,Tl mRNA [6, 12, 13] .
Maintaining lambs on a milk-replacer diet beyond the normal weaning period prevented rumen development and the loss of both the SGLT1 transport protein and transport function. Cannulae were placed into the duodenal lumen of ruminant sheep which were maintained on a normal roughage diet. The infusion of solutions of either i)-glucose or methyl a-1)-glucopyranoside into the intestine through these cannulae resulted in the expression of functional SGLTI protein in the brush-border membrane [6,1.5] .
The dramatic changes in the activity and the abundance of SGLTI protein observed in the brush-border membrane, during development and with intestinal infusions, were not directly co-ordinated with fluctuations in the levels of SGI,Tl mRNA [6, 13] .
The accumulated information implies that: (a) the presence of glucose in the lumen of the intestine can lead to stimulation of synthesis of functional SGLT1, (b) the cellular metabolism of hexoses is not a pre-requisite for the induction, and (c) the cellular level of regulation is post-transcriptional.
In this paper we report our findings on: the mechanism by which the lumenal sugar may stimulate the synthesis of functional SGI,Tl, the probable cellular site receiving the signal and the likely mechanism involved in the intracellular synthesis and processing of SGLTl.
Molecular characteristics of inducing sugars
Various sugar analogues were tested for their abilities to induce functional SGLTl in the intestinal brush-border membrane of ruminant sheep. Solutions (30 mM) of u-glucose, 1)-galactose, methyl ai)-glucop yranoside, 3 -0-met hy I a -1 )-glucopyranoside, u-fructose, 2-deoxy-u-glucose, u-sorbito1 and i)-mannitol were infused through duodenal cannulae [6, 12, 15] , either for 4 consecutive days or for 2 h (see below). Brush-border membrane vesicles were isolated and the SGLTl activity was assayed [ 12, 19, 20] . The abundance of the induced SGLTI-protein was determined using Western blot analysis; the antibody to a nonadecapeptide segment of SGLT1 was used. Infusion of the intestine with either i)-glucose or i)-galactose led to the induction of functional SGLT1, while infusions with i)-mannitol and i)-sorbitol, (non-transported, nonmetabolizable alditols) did not. The induction of SGIJTl protein in the brush-border membrane by the infusion of methyl a-1)-glucopyranoside or 3-0-methyl a-1)-glucopyranoside, non-metabolizable substrates of SGLT1, indicates that there is no prerequisite for the substrate to be metabolized by the enterocytes. Induction of functional SGLTl by 1)-fructose and 2-deoxy-t)-glucose implies that the inducing sugar need not necessarily be the substrate of SGLT1.
From these results one can speculate the presence of a sensing system with a different sugar recognition specificity to that of SGLT 1. Since 2-deoxy-i)-glucose is not transported by any known intestinal brush-border membrane protein (S. P. Shirazi-Heechey and I. S. Wood, unpublished work) [ 21, the induction by 2-deoxy-u-glucose implies that the sensing system is localized on the external face of the luminal membrane.
Infusing the intestinal lumen of the ruminant sheep, through ileal cannulae, with v-glucose for 4 days induced the expression of SGLT1 protein in the ileal brush-border membrane. It did not, however, lead to induction of SG1,Tl in the duodenal brush-border membrane. Furthermore, intravenous infusion of i)-glucose in ruminant sheep, which led to an increase in the abundance of basolateral membrane glucose transporter, GLUT2, did not lead to the induction of SGLTl 0. Dyer and S. P. Shirazi- Beechey, unpublished work). The data indicate that systemic factors may not play a major role as signals regulating the activity and the expression of apical SGLT 1.
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Epithelial location of the sugar receptor
New enterocytes are produced in the intestinal crypts, they mature as they migrate onto villi, to be shed eventually into the intestinal lumen. This process results in a continuous renewal of the intestinal epithelium every 3-4 days [ 2 1,221. Experiments were designed to determine where, along the crypt-villus axis, the dietary sugar signal is perceived.
In one set of experiments, daily biopsies were taken through the duodenal cannulae, from the intestines of ruminant sheep which were infused continuously for 4 days with i)-glucose, while the animals were maintained on roughage diet. Brushborder membrane vesicles were prepared from the biopsy samples and the activity and the presence of SGLT1 were assayed [23] . The activity was first detected in brush-border membranes isolated from mature enterocytes after 3 days; it was maximal after 4 days.
In a wide-ranging series of experiments, it was noted that an infusion (through the duodenal cannulae) of i)-glucose for 2 h into the intestinal lumen of ruminant sheep had no effect on the ability of existing mature enterocytes to transport 11- glucose. However, the presence of functional SGLT1 was detected 4 days later in the newly formed mature enterocytes.
One interpretation of these results is that the signal-receiving site is localized within the crypt. The induction or programming is rapid and the observed lag for the appearance of the SGLT1 activity is correlated with cell migration time along the crypt-villus axis. This is the simplest model for interpretation of the above results. However, one cannot exclude the villus location of the receptor. In this case, the receptor could be linked to crypt events via a neural or paracrine mechanism.
The profile of induction of SGLTl along the crypt-villus axis
The profile of induction of SGLT1 along the cryptvillus of the intestine of ruminant sheep infused with i,-glucose for 2 h and subsequently maintained for a further 4 days on the standard roughage diet was determined. Enterocytes were isolated from the upper villus, lower villus, and crypt cell populations [24-261. Crude cellular homogenates and brushborder membrane vesicles were isolated from these cells. The fractions were probed with the SGLT1 antibody. The abundance of, and enrichment of, mature 75 kDa protein in vesicle fractions (V) over the cellular homogenates (H) can be seen in Figure  1 , lanes 1-4. There is 25-30-fold enrichment in the abundance of SGLTl protein in the vesicles (V, lanes 2 and 4) over the cellular homogenate (H, lanes 1 and 3), indicating that the SGLT1 is mainly localized on the brush-border membrane of the upper and lower villus enterocytes. The same brush-border membrane vesicles could also transport i)-glucose in a Na+-dependent manner (see Figure 2 ), indicating the presence of functional SG1,Tl along the length of the villus. These findings are in contrast to those of Kinter and Wilson [27] who have reported that the SGLT1 activity is confined to the enterocytes at the upper third of the villus. There is little SGLT1 protein and transport activity associated with the membranes isolated from the crypt cells. This distribution of the localization of the SGLT1 protein was confirmed by immunocytocheniical studies (T. P. King and S. P.
Shirazi-Heechey, unpublished work).
A very characteristic 58 kDa immunoreactive protein was revealed when the crude cellular homogenate (14) and membrane vesicles (V), isolated from the crypt cell population from animals that had been infused with i)-glucose were probed with anti-SGI,Tl antibody (see Figure 1 , lanes 5 and 6). 
